Three multicrystalline silicon materials were used in preliminary experiments in preparation for a planned comprehensive gettering study on several industrial solar cell materials. Two processes commonly used to upgrade material quality were investigated; phosphorus gettering and aluminumalloying.
INTRODUCTION
Multicrystalline silicon for solar applications is produced by a variety of methods including casting, directional solidification, edge-defined film-fed growth (EFG), and recrystallization of silicon layers on low-cost substrates. All of these growth methods lead to a unique combination of grain structure, defect density, and impurities. At present, no multicrystalline silicon materials have starting minority carrier diffusion lengths (h) greater than typical device thicknesses, a primary requirement of high performance solar cells. Therefore, device processing techniques that improve Ln are desirable, particularly when they can be incorporated through minor variations in a routine industrial fabrication sequence.
Phosphorus gettering and aluminum alloy diffusions have been shown by several groups to have beneficial effects on silicon materials [l-71. Response to these processes is known to be material specific [4] . These two steps are normally optimized independently of each other, even though the times and temperatures for both are very similar, and may even overlap.
Part of the difficulty in looking at potential interactions between these two processing steps is the large number of processing parameters which might play a role (times, temperatures, ambients, phosphorus or aluminum source, etc.). In addition, a useful process must be compatible with a production line environment where driving down cost is of paramount importance. This tends to discourage the use of extremely long anneals or hard-to-control etch back processes.
The Photovoltaic Technology Research Department at Sandia has embarked upon a comprehensive study of the combined effects of phosphorus diffusion and aluminum alloying in industrial multicrystalline materials. Our desire is to develop and carry out an inclusive, yet tractable experimental design for several materials, that includes the essential factors for both processes. This paper discusses the results of preliminary experiments whose results have shaped the structure of the proposed gettering experiment design, the type of devices that will be used in the evaluation, and the types of characterization that will be used to measure the material response to the gettering steps.
Two materials were used in these preliminary studies: electromagnetically cast (EMC) material from Osaka Titanium [8] and directionally solidified Heat-Exchanger Method (HEM) material supplied by Crystal Systems [9] . The suitability of microwave-detected photoconductance decay (PCD) for the evaluation of gettering effectiveness was tested in early experiments. This contactless technique greatly simplifies the processing required in gettering experiments. The limitations of using PCD for this purpose will be described. Cells have been fabricated which sampled promising sections of the processing parameter space as indicated by our own experiments, and the work of others.
Detailed cell characterization and modeling have been employed to gain a better understanding of the material response. Laser beam induced current (LBIC) measurements were used to determine the uniformity of the material properties. 
EXPERIMENTAL PROCEDURE
All of the processing for these experiments was done in the Photovoltaic Device Fabrication Laboratory (PDFL) at Sandia. For experiments where the primary response was excess carrier lifetime (T) as measured by PCD, the processing was relatively simple. Residual damage from ingot slicing was removed using KOH andor acid etching (typically 20-30 @side was removed). Deposited Si02 layers were used to protect the back side during POC13 diffusions, and the front side during aluminum alloying. PCD measurements were performed after each fumace step. The presence of heavily doped layers or the Al/Al(Si) alloy increases the background in PCD measurements. When the background prevented meaningful measurements, these layers were either etched back or completely stripped, and the lifetime was remeasured.
The general process used for solar cell fabrication is indicated in Table I . Eight n+/p 2 x 2-cm2 cells are produced on each 10
x 10-cm2 slice using photolithographic processes to define the emitter openings and the grid metalization. The cells discussed in this paper had the aluminum-alloy step prior to the POC13 diffusion (although we have also processed cells with the order of the POC13 and aluminum-alloy steps reversed). Evaporated aluminum (1 .O pm thick) was used as the aluminum source for the alloying process. The front sides were protected during the alloying process by a 200-nm-thick deposited Si02 layer. Phosphorus diffusions are conducted in a tube fumace using POC13 as the dopant source. The back sides of the wafers were protected during the phosphorus diffusion by a 300-mu-thick deposited oxide. The double-layer antireflection coating (DLAR) used for most of these cells was produced using Ti01 The completed cells were characterized in the PDML with respect to one-sun performance, front surface reflectance, and absolute spectral response. One-sun white-light bias was used during the spectral response measurements. Selected cells were further analyzed using LBIC at 1060 nm. At this long wavelength the absorption depth is such that the entire base layer is probed. This tends to highlight grain boundary activity and other localized regions of degraded performance (such as areas of high electrically-active defect density, clusters of small grains, and so on). Figure 1 depicts the results of a three-factor interaction study done on EMC material where PCD lifetime was used to monitor the gettering effects. EMC material has been described by Kaneko, et al. [SI. The grain size is generally small (= 1 mm). The factors for the experiment were the POC13 diffusion time at 85OoC, the aluminum alloy diffusion time, and the aluminum alloy temperature. For this particular set of data, the alloying step was done after the phosphorus diffusion (qualitatively similar results were obtained with the order reversed).
RESULTS
Note that the range of observed lifetimes is not very large and the 95% confidence limits are almost as big as the range. The wide confidence limits arise partly from lateral nonuniformities in the material. The measured lifetime is averaged at several locations on the wafer, and has considerable uncertainty by itself. Sensitivity of the PCD measurement to the surface condition of the wafer increases the variance further (what we really want is bulk information). When diffusions are etched back, or the aluminum alloy is removed, the resulting surface is no longer oxide passivated. Therefore, surface contributions to Although Ln values in the second EMC cell lot are slightly higher than in the first (processed before the gettering study), the possible effects of the different POC13 and aluminum alloy processes are confounded.
To identify and understand interactions between aluminum alloying and POC13 diffision, a welldesigned interaction experiment must be used. Also, more complete information is needed than is available from simple PCD lifetime measurements. Yet, the cost of doing quadratic interaction experiments on cell lots is prohibitive. Some sort of middle ground is needed, utilizing simplified devices which require less processing investment and yet are suitable for separating bulk and surface effects on the device performance.
To demonstrate what is needed to evaluate gettering effects, several cells fabricated on HEM material were characterized. The results are summarized in Table 111 below. HEM material [9] generally has large grains (1-3 cm grain size) with occasional inclusions of smaller grains (< 1 mm). As in Table 11 , differences in front surface reflectance make it more useful to compare the minority carrier d i b i o n length (L,) when looking for the effects of gettering.
For wafers 2,4, and 6 from lot 1 (shown in the first three rows of the table), note that Ln increases by about a factor of two in the sample where the aluminum-alloy process was used, indicating the beneficial effect of the process. These three wafers were taken from sequential slices from the middle of the same HEM ingot, and so should be very similar in initial quality. Even allowing for difference in front surface reflectance on these three wafers, Voc and 4. strongly mirror the improved material properties. Back surface field effects should be negligible in this case, since Ln is only about half the substrate thickness.
The fourth and fifth rows of Table 111 compare two cells on the same HEM slice fabricated in a later lot. Near band gap IQE analysis on cell C from wafer 4 in lot 2 yielded Ln = 190 p. Figure 2 shows the measured and calculated (using PC-ID [12] ) IQE plots. Measured values or profiles were used whenever possible in the PC-ID modeling, including the substrate resistivity, phosphorus doping profile, front surface reflectance as a function of wavelength, and cell thickness.
Two major parameters remain which can be adjusted to fit the IQE data: the front surface recombination velocity, SF (for the blue end of the spectrum), and the minority carrier lifetimes in the base (to fit the red end of the spectrum). The back surface recombination velocity (SB) was set at lo6 c d s , and no attempt was made to model the back surface field, since Ln was considerably less than the substrate thickness. A reasonable match in the blue end of the spectrum was obtained with S -lo5 c d s . This rather high value arises due to the poor passivation characteristics of the etched-back oxide which was subsequently covered with the sol-gel DLAR To fit the longwavelength end of the spectrum, T was set to 20 ps.
I
After matching the measured IQE results, the same parameters were used to calculate the cell performance. The predicted results, shown in the last row of This kind of difficulty in modeling can arise from lateral nonuniformities in the material perfonnance. The nonnal procedure for spectral response measurements in Sandia's Photovoltaic Device Measurement Laboratory (PDML) illuminates only about 20 mm2 of cell area (i.e. about 5% of the 4-cm2 cell area). This is not usually a problem in singlecrystal materials, but can be more problematic in multicrystalline materials where the grain size is considerably larger that the region included in the IQE analysis, but still on the order of, or smaller than, the cell size.
LBIC traces were taken on both cells C and F (the best and worst) from wafer 4 of the second HEM lot to Iook for evidence of lateral nonunifomiities. For cell C, the LBIC results showed relatively high, uniform response over the vast majority (> 90%) of the cell area. In fact, a single grain covered about 60% of the total cell area. Recombination increased only slightly at the grain boundaries. However, in a few small areas ( 5 to 10% of the total cell area), the response at this wavelength was only IO to 30% that of the remainder of the cell. These areas correspond to clusters of very small grains F:
(< 1 mm) which have very high defect densities. This distribution in performance is consistent w i t h the differences between the PC-ID modeling results and the measured results.
Due to the logarithmic dependence of Voc on 5 , material differences of this sort have much smaller effect on V, (10% changes in T lead to 0.5% changes in Voc). The dark I-V for this cell had an ideality factor of about 1.2, and showed no evidence of significant shunting. LBIC results for the worst cell on wafer 4 revealed a similar picture, only the poorly performing areas accounted for a greater percentage of the total cell area.
DISCUSSION
The results presented above have played a major role in shaping the experimental design for a comprehensive gettering experiment. First of all, it is clear that a useful gettering experiment needs to incorporate more than just PCD lifetime measurements to provide a reasonable degree of confidence in the results. Common methods for separating bulk and surface contributions to the PCD lifetime (e.g. comparison of identically processed thick and thin wafers, or the use of only well-passivated surfaces) are not entirely compatible with a gettering experiment. This forces the use of patterned devices with electrical contacts, and increases the processing investment required for the experiment considerably.
It is also important to cover a generous range for the key phosphorus diffusion and aluminum alloying parameters (i.e. those affecting sheet resistance, junction depth, dopant profile, etc.), and structure the experiment so that the various possible interactions between the process parameters can be detected and quantified. In the preliminary cell lots discussed above, the potential effects of the two processes and their key parameters are confounded in such a way that they cannot be evaluated separately. To avoid this problem, design-ofexperiments techniques [I31 have been used for the full gettering experiment. Four primary process factors were settled upon to maintain a manageable and affordable experiment, while still addressing the essentials (see Table IV ).
Time and temperature were chosen because they are the major factors determining the peak concentrations and the depth profiles for the phosphorus and aluminum atoms. Some potentially interesting process factors were eliminated from the experiment to keep it manageable, such as the diffusion ambient and dopant source. In addition, the times for the two processes were limited to no more than two hours. This decision was driven by a desire to develop a process which would be cost effective in a production setting.
A quadratic, uniform-shell design has been chosen for the larger experiment. With replicates and center points, the total experiment requires 42 samples for each multicrystalline material. In addition, single crystal, high-lifetime float-zone wafers are included for monitoring the cleanliness of the furnace processes (through PCD lifetime monitoring), and Czochralski (Cz) wafers are included for monitoring the stability of the diffusion processes (through sheet resistance and dopant glass thickness measurements). The total experiment with four different multicrystalline materials requires eleven processing lots which include from 18 to 25 wafers each (including controls). Devices with a single front contact pad evaporated through a shadow mask will be used for the multi-factor experiment to reduce the processing complexity. These devices require one photolithography step to define the emitter openings, allowing us to independently test different areas of each substrate to evaluate material uniformity, and are adequate for Voc determinations, dark I-V measurements, and IQE analysis. Voc reflects most of the benefits of the gettering process [7] , but probably will not provide the sensitivity to fully optimize the process for a given material. Other competing factors which affect Voc besides Ln (such as shunting or heavy doping effects) can be detected through dark I-V measurements and PC-1D modeling. IQE analysis (in select cases only) will be used to verify improvements in the bulk properties when heavy doping effects might be masking the results.
The extremes of the diffusion and alloying parameters, and the simplified devices, have been tested in two preliminary lots using lRcm Cz and Wacker Silso wafers. SIMS (secondary ion mass spectrometry) measurements indicate that the heaviest phosphorus diffusion (two hours at 950OC) results in a peak concentration of about 4 x 1020 cm-3 and a junction depth greater than 1.5 pn in 1 Rcm silicon (Rsh = 10 WO). Long, high-temperature alloying processes will affect this profile.
Characterization of the A1 profile after alloying at these high temperatures is more difficult. King [6] reported Al spiking and a high A1 concentration (2 to 6 x 10l8 ~m -~) region between and below AI spikes for 1 100°C alloying. Our results (Fig. 3) indicate a similar situation for 900°C alloying, although the depth of the high AI concentration region is less. For 7OO0C alloying, there is a more abrupt transition from AI metal to an A1 Concentration of about 4 x 10 * cm-3 which then appears to persist to depths greater than 10 pm. All of the SIMS profiling discussed here was done in single crystal silicon. Results in multicrystalline silicon may be different due to the presence of grain boundaries.
The effects on Voc of the extremes of the alloying process were tested with an 80 R/O emitter diffusion (done at 850°C), and This profile shows a more abrupt transition to the 5 x lo1' cm-3 level. Note that the A1 apparently persists at this level to fairly large depths (the profile ends at about 10 pm depth). Figure 4 . Voc as a function of aluminum-alloy process from two preliminary lots using simplified device structures.
the results are depicted graphically in Fig. 4 . The short 7OO0C alloy split had no beneficial effect for the Silso material, but showed modest dividends in the Cz material. The long 9OO0C alloy treatment improved the V, for both materials. For the Cz material, PC-ID modeling indicates that the improved Voc is consistent with improving Ln from 70 to 170 p n .
CONCLUSIONS
We have examined, in a variety of preliminary experiments, the combined effects of phosphorus gettering and aluminum alloying in three multicrystalline silicon materials. Lateral nonuniformities have been shown to be significant. Such nonuniformities must be accounted for to fully understand the beneficial effects of these processes. This is especially important in materials where the grain structure is larger than the area probed by analytical techniques, but is still less than the cell size.
The results of these experiments have been used to design a four-factor uniform-shell interaction experiment which is currently underway in the PDFL. The experiment includes four very different industrial multicrystalline silicon materials, and utilizes simplified devices which minimize the processing investment yet allow accurate determination of Voc to monitor the gettering effects. Voc measurements will be supplemented with dark I-V measurements, IQE analysis, and PC-1D modeling to verify beneficial gettering effects. The results of this more comprehensive gettering experiment will be reported in a future publication.
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